Abstract: This paper discusses the results of an experimental study of the spatial structure of a scalar-vector sound field formed during towing of a low-frequency acoustic source on the continental shelf of the Sea of Japan. Methodologically, the experiment was carried out by towing the acoustic source emitting a 134 Hz tone signal at a depth of 20 m on various acoustic paths at distances of up to 10 km from the combined receiving system, which consisted of a sound pressure receiver and three orthogonal sound pressure gradient components. Particular attention was paid to the investigation of the interference structure of scalar and vector fields in controlled hydrological conditions. The quantitative characteristics and features of the formation of signal interference at several depths along the tracks are discussed. The most interesting are the unique results of comparing horizontal and vertical field components, which make it possible to identify the presence of vortex structures in the acoustic source field on several tracks. The possibility of practical application of current research results is analyzed.
Introduction
With the advent of vector receivers in acoustic measurements, and their active use since the middle of the 20th century, questions have persisted regarding the advisability of their practical application in place of traditional hydrophones to improve the noise immunity of receiving systems [1] [2] [3] [4] [5] . This is mostly due to a lack of experimental research in this field, as well as problems of theoretical modeling of the formation of vector-scalar fields under complex hydrological and bathymetric conditions, especially in the shallow sea. Theoretical results obtained, for example, using the boundary value problem of Pekeris [6] [7] [8] cannot generally be extended to more complicated cases of real conditions for the formation of vector fields in shallow-water areas. In recent years, especially in the theoretical field [9] [10] [11] , vortex structures in acoustic fields have been actively discussed, and have been registered in shallow water areas by vector receivers. However, there is still insufficient reliable experimental data related to the practical use of vortex effects in problems of noise-immune reception to validate all of the theoretical conclusions. One effective solution to the problems of using vector receivers is to set up model experiments in specified water areas, featuring a real scenario using combined signal reception from a moving underwater sound source and the subsequent analysis of the effectiveness of this scenario. This approach was used in our experiments, the results of which are presented below.
Materials and Methods
The goal of the experiments was to measure and analyze the interference structure of the vector sound fields and the pressure field for several variants of the source maneuvering in the waveguide, and to study the influence of the minima of acoustic energy in the acoustic field generated by the source on the noise immunity of the combined reception. The presence of deep minima of acoustic energy levels, which appear when the distance between the sources and the receivers varies, can lead to periodic loss of contact with the source, and in some cases to a complete loss of contact.
The investigations were carried out on the continental shelf of the Sea of Japan, using a combined receiving system consisting of a sound pressure channel (P) and three orthogonal sound pressure gradient components (XYZ). The receiving system was installed at given points of the experimental area at specified depths, and a low-frequency tonal acoustic source imitating a discrete component in the noise field of a moving source was towed on various tracks at a distance from the receiving system of up to a maximum of 10 km.
The autonomous receiving system using a combined receiver (CR) was developed and manufactured at the V.I. Il'ichev Pacific Oceanological Institute. It is a device designed to study the structure of sound fields in shallow sea conditions by recording the sound pressure and three orthogonal sound pressure gradient components, as well as to measure the position of the system in space. The creation and collection of information packets from the combined receiver and orientation sensors are realized by an autonomous digital recording unit, with all information being subsequently saved to a SD card. A photo of the CR in a protective enclosure-cage and the hermetic containers of the receiving system are shown in Figure 1 .
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The autonomous receiving system using a combined receiver (CR) was developed and manufactured at the V.I. Il'ichev Pacific Oceanological Institute. It is a device designed to study the structure of sound fields in shallow sea conditions by recording the sound pressure and three orthogonal sound pressure gradient components, as well as to measure the position of the system in space. The creation and collection of information packets from the combined receiver and orientation sensors are realized by an autonomous digital recording unit, with all information being subsequently saved to a SD card. A photo of the CR in a protective enclosure-cage and the hermetic containers of the receiving system are shown in Figure 1 . The devices for setting the receiving system include: a 40 kg weight, a halyard submerged to a depth of 5 to 10 m from the surface, buoyancy spheres (securing the halyard and cage from vibration due to surface waves), and a flashing beacon.
An electromagnetic towed oscillator with a static pressure compensation system was used as a tonal acoustic sound source, emitting a frequency of 134 Hz. The compensation system consisted of an air compressor installed on the towing vehicle, and a high-pressure hose connecting the compressor with the internal cavity of the radiator through the tubulure.
Experimental studies were carried out in two stages at a hydrophysical test site near Cape Schulz, Posiet Bay, in the Sea of Japan in the summer season. In the first stage, the combined receiver was installed in Vityaz Bay, stationary, at a depth of 27 m, with a site sea depth of 37 m. The acoustic source was towed by a yacht at a depth of 20 m and a speed of 3 knots along two routes: to a distance of around 9.5 km from the receiving system, and back to the starting point ( Figure 2) .
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Results
The hydrological situation in the area of the experiment was typical for the spring season, and was characterized by a nearly vertical isothermal profile for temperature in °C (Figure 3 ). The same figure shows the bottom relief along the track. The distance between the acoustic source and the receiving system was determined using a satellite navigation system. Determination of the exact position of the acoustic source during towing 
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The distance between the acoustic source and the receiving system was determined using a satellite navigation system. Determination of the exact position of the acoustic source during towing was performed with respect to the satellite navigation antenna located on the deck of the yacht, taking into account the submerged depth and the length of the towing halyard. Figure 4 shows the dependence of the amplitudes of the signals from the hydrophone and the XYZ sensors of the vector receiver on the distance between the corresponding points.
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Analysis of the data shows that on both routes, at distances greater than 1500 m from the receiving system, a stable interference structure with a period of about 390 m is formed, which is identical in the hydrophone and XYZ sensors. Some differences in the amplitudes of the signals on channels X and Y at distances of about 6500 m on the outgoing track and 5000 m in the return track may be due to the directivity of these channels. Nevertheless since transmission loss is calculated using a range-independent propagation model that does not account for the range dependence of the bathymetry, and we expect some difference with the experimental data. Analysis of the data shows that on both routes, at distances greater than 1500 m from the receiving system, a stable interference structure with a period of about 390 m is formed, which is identical in the hydrophone and XYZ sensors. Some differences in the amplitudes of the signals on channels X and Y at distances of about 6500 m on the outgoing track and 5000 m in the return track may be due to the directivity of these channels.
The calculations of the pressure field for the experimental conditions with the use of wave computing algorithms such as Kraken and Scooter showed a similar experimental pattern of interference, with approximately the same period ( Figure 5 ).
Nevertheless since transmission loss is calculated using a range-independent propagation model that does not account for the range dependence of the bathymetry, and we expect some difference with the experimental data.
The main feature of the data shown in Figure 4 is the almost complete match of the minima and maxima of the interference structure for the hydrophone and XYZ sensors, with an amplitude variation up to 15-20 dB. Thus, neither additive nor multiplicative processing of signal information from the channels of the combined receiver mitigate the loss of contact with the sound source when it is in interference minima in the current case.
The second experiment was carried out in the Bay of Posiet. Figure 6 (the color shows temperature in • C) shows the hydrological and bathymetry conditions along the tow ship courses. The source was towed at a depth of 20 m throughout the whole period of maneuvering (courses 1-4); a tone signal with a frequency of 134 Hz was emitted. The combined receiver was installed 2 m from the bottom at a point with a sea depth of 58.5 m. The towing was first carried out from the receiving system to a distance of about 10 km in the direction of the deep sea (to the isobath of 100 m, course 1). It was towed towards the shore to the isobath of 35 m and away from the receiving system 10 km (courses 2-3), and finally returned to the receiving system (course 4). In July, a significant negative temperature gradient had already been observed. The right panel of the figure shows the experimental courses; the trajectory of the towing is shown as a dashed line. The calculations of the pressure field for the experimental conditions with the use of wave computing algorithms such as Kraken and Scooter showed a similar experimental pattern of interference, with approximately the same period ( Figure 5 ). Nevertheless since transmission loss is calculated using a range-independent propagation model that does not account for the range dependence of the bathymetry, and we expect some difference with the experimental data. The main feature of the data shown in Figure 4 is the almost complete match of the minima and maxima of the interference structure for the hydrophone and XYZ sensors, with an amplitude variation up to 15-20 dB. Thus, neither additive nor multiplicative processing of signal information from the channels of the combined receiver mitigate the loss of contact with the sound source when it is in interference minima in the current case.
The second experiment was carried out in the Bay of Posiet. Figure 6 (the color shows temperature in °C) shows the hydrological and bathymetry conditions along the tow ship courses. The source was towed at a depth of 20 m throughout the whole period of maneuvering (courses 1-4); a tone signal with a frequency of 134 Hz was emitted. The combined receiver was installed 2 m from the bottom at a point with a sea depth of 58.5 m. The towing was first carried out from the receiving system to a distance of about 10 km in the direction of the deep sea (to the isobath of 100 m, course 1). It was towed towards the shore to the isobath of 35 m and away from the receiving system 10 km (courses 2-3), and finally returned to the receiving system (course 4). In July, a significant negative temperature gradient had already been observed. The right panel of the figure shows the experimental courses; the trajectory of the towing is shown as a dashed line. The dependence of the signal levels on the pressure channel and XYZ channels from the distance for each of the four courses is shown in Figures 7-10 . In the figures, there are 2-min pauses of emission every half hour, which were done to estimate the signal-to-ambient-noise ratio. The excess of the signals above the noise was 20-45 dB on the entire track.
The calculation of the average values of the periods of the interference structure was performed by averaging the periods measured at the minimum and maximum values and showed values of about 375 m for the courses 3 and 4 and 750 m for the courses 1 and 2. The dependence of the signal levels on the pressure channel and XYZ channels from the distance for each of the four courses is shown in Figures 7-10 . In the figures, there are 2-min pauses of emission every half hour, which were done to estimate the signal-to-ambient-noise ratio. The excess of the signals above the noise was 20-45 dB on the entire track. 
Discussion
The results show that the spatial structure of the tonal sound source is characterized by stable interference, which is related to the interaction of the modes of the first orders. The periods of interference in the shallow part of the route (courses 3 and 4) are comparable in magnitude with the data obtained in the first experiment, and are easily predicted by numerical calculations involving algorithms based on a modal approach. When analyzing the data shown in Figures 7-10 , important differences were noted between the interference patterns on shallow tracks (courses 3, 4) and those on deep-water tracks (courses 1, 2). For courses 3 and 4, minima and maxima on the channels PXYZ were well matched, but for courses 1 and 2 the maximum amplitude in the channel Z was fixed in the moment of deep minima of the signal amplitudes in the pressure and XY channels. It can be assumed that in these areas, the movement of acoustic energy occurs mainly in the vertical plane. This may indicate a vortex character of the formation of the field in these areas [9] [10] [11] . It should be noted that this feature is observed when the source moves both toward the deep sea, and toward the shore. It should also be emphasized that the processing of the signal information in all the experiments was carried out using a uniform technique on identical instruments. The practical value of the effect is very important for continuous detection of the sound source, because the loss of acoustic contact with the source will not occur in almost all variants of mutual maneuvering. This opens the possibility of processing signal information from the channels of the combined receiver for continuous detection of the sound source. It is only necessary to choose the correct scheme of information processing: additive, multiplicative or from each channel separately. 
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